UNMANNED AERIAL VEHICLES (UAVs) have emerged as the next generation tools for remote sensing and precision agriculture 1 . The UAV platforms allow researchers to collect rapidly both spatial and temporal data at high resolutions 2 . These tools have the potential to transform soil and crop sciences research and agronomic management due to their unique footprint of measurement. Satellitebased remote sensing is limited in providing detailed measurements due to relatively poor resolutions (e.g. 2-15 m/pixel) 3 , compared to the high resolutions obtained with UAV-based imagery (<2 cm/pixel) 3,4 . As such, satellite-based imagery has limited utility for precision agriculture. Further, ground-based, field-scale tools currently available for precision agriculture 5 are inefficient in bad weather and cannot be used in established crops due to potential disturbances to the crop plants 6 . UAVs with high spatial resolutions however, can cover large areas quickly without disturbing the crop. By combining UAV-based sensors with detailed point-scale measurements, high-quality maps can be generated at scales useful in precision agriculture for crop and weed management.
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India is currently one of the fastest-growing markets for UAVs. India's UAV market will reach about US$ 0.89 billion by 2021 (ref. 7) . Although the projected share is only about 4% of the global UAV market ($21.47 billion), it has the potential to transform many sectors including agriculture, given India's continued growth in the information technology (IT) sector. Globally, 44% of the countries do not have any regulatory framework on UAVs as of February 2019 (Figure 1 ). Twelve countries (6%) have banned UAV operations in their domain. However, nearly 97 countries (50%) have already established regulatory guidelines. In India, the Indian Space Research Organisation (ISRO) has been utilizing satellite remote sensing data for Crop Acreage and Production Estimation (CAPE) since 1988 (ref. 8). Later, Forecasting Agricultural output using Space, Agro-meteorological and Land-based observations (FASAL) project utilized econometric and weather-based techniques for in-season yield forecasts 9 . Despite the success of these projects, the spatial resolution of satellite data (~20 m) 10 was not sufficient for site-specific studies and could not provide a measure on actual crop acreage until the Department of Agriculture or the Indian Council of Agricultural Research (ICAR) estimates were released. UAVs could assist in providing more information on segmentation of land. However, previously organizations and individuals could not utilize UAVs in research and development due to a lack of comprehensive regulations. The recent revision of the UAV/drone policy in India 11 may help utilize this technology to its full potential. We believe that the recent changes in the drone policy may positively impact research and development efforts in agriculture, service and other sectors. This short review critically examines the current regulations in India and their impact on general UAV usage, with particular focus on agricultural applications.
Policy review
The Directorate General of Civil Aviation (DGCA), India, frames policies for drone/small UAV use in India. The recent policy (05-13/2014-AED Vol. IV) advertised on 27 August 2018 was effective from 1 December 2018 (ref. 11). These civil aviation requirements are applicable to all Civil Remotely Piloted Aircraft Systems, which are controlled from a remote pilot station. DGCA categorized drones/UAVs into five groups based on their total weights. Nano (250 g) and micro (250 g-2 kg) drones are smaller UAVs generally used by hobbyists for recreational activities or photographers 12, 13 . Mini UAVs (2-25 kg) and small UAVs (25-150 kg) are most commonly used for commercial applications, such as, landscaping, mining, advertisements, soil/irrigation mapping and crop yield assessments 14, 15 . In agriculture, UAVs with total weight of 2-25 kg (including sensors) have been used more frequently for studying biotic and abiotic stress conditions of plants and other applications 16, 17 . Large UAVs with total weight of more than 150 kg can be utilized for disaster relief operations and commercial applications such as small goods delivery. These groupings by DGCA allow a wide range of options and more flexibility with UAVs compared to several other countries (Table 1) . Except nano drones, all UAVs require DGCA registration and unique identification number (UIN) before operation. The policy of registration at the time of purchase by the manufacturer itself may help in easing the system. However, currently, all customers are required to register their UAVs post-purchase through a Digital Sky Platform.
The requirements for the issue of UIN is governed by the nature of ownership of the UAVs. In general, ownership is restricted to Indian nationals, Central or State Government agencies, corporate houses with substantial control vested in Indian nationals, and companies that have registered outside of India but have leased UAVs to government agencies. These ownership guidelines are framed for security reasons and to avoid legal repercussions. With the current regulations, foreign individuals cannot own or operate UAVs in Indian soil. These restrictions would primarily affect foreign photographers, drone service providers, and those in the entertainment industry. India is a major tourist destination and attracts the overseas film industry to capture her historical and cultural diversity. The current restrictions on UAVs might limit such activities. Moreover, Indian agriculture suffers from lack of technological advances. The current ownership restrictions may discourage overseas experts from providing their services and trainings during the initial phase of the UAV boom expected in the next few years. Contrary to this, nationality is not the criteria for obtaining UAV license in countries such as USA, Australia and Singapore [18] [19] [20] . It is expected that relaxation of guidelines for foreign nationals and organizations may facilitate the infusion of technical expertise and assist with wider application of UAVs in India.
The revised UAV policy of India requires that all pilots obtain Unmanned Aircraft Operator Permit (UAOP) before operations. However, remote pilots flying nano UAVs operating below 50 m amsl (AGL), and micro UAVs operating below 60 m AGL are exempt from the requirement of UAOP. This provides some flexibility to hobbyists and photographers, though they are still required to intimate local police stations or air traffic service (ATS) units prior to flight operations. This flexibility, coupled with low pricing, is expected to fuel the use of UAVs in this sector. The application of UAVs for research, however, would be limited for research purposes because of payload limitations, which are typically 20-30% of the total weight of the system 3 . The payload capacity governs the type of sensor that could be used on the platform. Other well-known technical challenges associated with smaller UAVs include insufficient engine power, short flight duration, difficulties in maintaining flight altitude, and aircraft stability and maneuverability in winds and turbulence 21 . Although many agricultural drones fall in the Micro UAV category, their weights may exceed the prescribed range after equipping them with sensors. This means that UAVs for precision agriculture research would require UAOP.
One of the requirements for obtaining UAOP is appropriate training in UAV operations. A five-day training has been specified, which ranges from basic principles of UAV to flight simulations 11 . Training curriculum is intensive and well organized. However, only 23 centres or areas have been identified for testing or demonstration of UAVs across the country. This number is low given the expected demand in India, with high thrust from researchers and commercial houses for flight licenses. Australia's Civil Aviation Safety Authority (CASA) provides trainings to applicants through >1300 approved training organizations that hold Remote Operator Certificate (ReOC) 19 . However, certified pilots can only fly through these certified operators with valid ReOC. Certified pilots, in general, are employed by certified operators (with ReOC), just like the commercial aviation industry. In the US, Federal Aviation Administration (FAA) governs regulations for recreation or commercial applications of small UAVs including research under Part 107 (ref. 20) . Several online training modules have been designed by third party institutions in association with the FAA. Moreover, various programmes and courses have been introduced in universities to provide theoretical and operational training to students and staff on UAVs. The FAA conducts online tests throughout the year via 684 test centres and issues UAV flight licenses 20 . These arrangements benefited the commercial and research institutions in the US, which is evident from the research explorations in the recent past. We believe that India can accelerate the pace of scientific research on UAVs by establishing an online system for training and licensing the use of UAVs. Operational flight training/testing can also be made available by each airport facility or their extension centres.
The UAV flights are generally subject to the visual line of sight (VLOS) restrictions 11, [18] [19] [20] 22 . However in Australia, CASA provides options to fly UAVs outside the VLOS by obtaining an Aircraft Radio Operators License (AROC). This provision is not yet made available by DGCA. We believe that existing VLOS restrictions may not affect or restrict research operations in agriculture or urban mapping due to short flight distances, but may pose challenges to monitoring floods and other natural disasters as well as UAV-based delivery systems. The operating restrictions of DGCA also require that UAVs should not be flown within 5 km radius from the perimeter of major airports and 3 km from the perimeter of small airports. Given the speed of UAVs, these distance restrictions may not be sufficient to avoid collision or any mishap in case of malfunction in the drone system. For example, the DJI Phantom 4 Pro (DJI, Shenzhen, China 518057) drone, which weighs1388 g, can travel at a speed of 72 kmph and covers 3 km distance in 2.5 min and 5 km in 4 min. This window is too short for implementing any contingency management plan. The malfunctioned UAV may go out of VLOS very soon if the flight area is covered by high rise buildings or trees. Moreover, DGCA did not consider the size/weight of UAVs while framing distance restriction guidelines. For instance, large UAVs (>25 kg) can fly even at higher speeds as they can have bigger motor and greater battery capacity. In the US, distance restrictions from the nearby airport is considerably higher (8 km), along with a weight restriction of UAVs (<25 kg) under the Part 107 authorization (Table 1) . In China, DJI UAVs are programmed not to take off in No-Flying Zones (NFZ) like airports/public places and for other brand UAVs, operators are required to follow NFZ regulations.
We suggest that speed limit guidelines are instituted on UAV flights, particularly when used near airports. Speed restrictions can be established at the manufacturing end to promote safer flights. In general, 20-30 kmph UAV cruzing speed is sufficient for most of the operations related to photography and imaging 13 . For precision agriculture, researchers have operated UAVs at 9 kmph for mapping of weeds 4 , and 14 kmph for drought stress evaluations in soybean 16 . In general, lower UAV speeds are preferred for better image resolution. Moreover, recent UAV usage trends show that rotary wing UAVs (e.g. Figure 2 a) are used more often compared to fixed wing UAVs (e.g. Figure 2 b) 23 as the former can hover on the target for precise data collection. Rotary wing UAVs can fly at lower speeds with low turning radius, assist in high resolution imagery and aerial spray applications (e.g. Figure 2 c). Currently, aerial pesticide spraying through UAVs is only permitted in China (Table 1) . However, in the US, aerial pesticide application license can be obtained separately under FAA Part 137, which governs the regulations of agricultural aircraft operations. In the absence of aerial pesticide licenses under current categories, there is limited research focus on developing aerial systems for pest management applications. Most of the on-going efforts are oriented towards detection and mapping of diseases-pests in crop fields. Therefore, we suggest aerial pesticide application permissions in India to push manufacturers to invest heavily for technological advances in agriculture.
Other policy guidelines like maintaining a flight distance from people, restricting flights to only during daylight and requiring permissions before flights are comparable to regulations framed by other countries. However, it is worth to note that India has specific requirements of GPS and return-to-home (RTH) functionality enabled UAVs (except nano category). In case of malfunctioning, RTH enabled UAVs/drones can return to the original spot. Moreover, GPS functionality can help in tracking the UAV/drone even if it goes beyond prescribed VLOS. Apart from this, a well thought 'No Takeoff' (NPNT) policy would help in easing the authorization process. The UAV operators are required to register and fly through Digital Sky Platform app. This is a unique feature where flight permission can be granted through mobile app but UAV may not be able to takeoff through Digital Sky Platform in case of unauthorized flight. Some of these guidelines and regulations are more user-friendly than that of other countries in terms of safety and efficiency. However, fully automated UAVs have additional functions which add to safety and operation handling. Automated UAVs are equipped with obstacle detection and collision avoidance technology 24, 25 . For research purposes, automation is much needed to ensure consistent and accurate results. Automated UAV systems work based on algorithms that guide flight path and can assist in calibration for precise data collection. Automated UAV systems fly according to a pre-determined flight path based on the flight planner and would not require pilot skills to keep it under range. Flight planner is necessary for orthomosaicking and consistent overlapping of images 26 . Automation systems may not be feasible for all UAV categories intended for photography or recreational activities, but it can be made mandatory for flights near sensitive areas or in UAVs >2 kg gross weight. Therefore, automation would not only help in improving quality data collection but would also add to the safety.
Conclusion
We foresee that the current DGCA restrictions and guidelines on the operation of UAVs would not only affect commercial applications, but also govern the pace of research and development in machine vision capabilities. Farmers in developed countries are embracing this technology for cost saving and to increase yield and profit. In India, UAVs equipped with sensors have incredible potential for improving crop management even in a small-scale farm, and open up new opportunities for disease, insect pest and weed monitoring and management if DGCA policies provide sufficient flexibility for research and development.
